Optical second harmonic generation (SHG) is a nonlinear optical process which is sensitive to the symmetry of media. SHG microscopy allows for selective probing of a non-centrosymmetric area of sample. This type of nonlinear optical microscope was first used to observe ferroelectric domains and has been applied to various specimens including the biological samples to date. Imaging of the endogenous SHG of biological tissue has been utilized for the selective observation of filament systems in tissues such as collagen, myosin, and microtubules, which exhibit a polar structure. The cellular membrane can be selectively observed by the SHG microscope through membrane staining with amphiphilic polar dye molecules. It has been reported that, by imaging exogenous SHG of the membrane, sensitive detection of membrane damage could be realized using the SHG microscope. Because the staining dye is fluorescent, both SHG and two-photon excited fluorescence (TPF) images can be obtained simultaneously. How the SHG intensity depends on the molecular alignment of the polar dye molecules that reflects the ordering of lipid molecules in the plasma membrane and the necessity of the normalization of the SHG intensity by the TPF intensity is discussed. Furthermore, the assessment of the membrane damage induced by exposing polycation to HeLa cells has been compared with the conventional cytotoxicity and cell viability tests to demonstrate the higher sensitivity of the present SHGbased assay.
Recently, a range of nonlinear optical processes (Shen 1984) including optical second harmonic generation (SHG) have been utilized in bioimaging from the cellular to the tissue level. Because two (or more) photons participate in the nonlinear optical processes, the nonlinear optical microscope can be called as two-photon or multi-photon microscope (Williams et al. 2001; Helmchen and Denk 2005; Oheim et al. 2006; Lefort 2017) . Using two near-infrared femtosecond laser beams with different frequencies, three types of nonlinear optical processes, SHG, two-photon excited fluorescence (TPF), and coherent anti-Stokes Raman scattering ( Fig. 1) , can be generated simultaneously, resulting in multimodal tomographic imaging (König 2018) . Such multiphoton tomography has already been used for the diagnosis of skin and corneal diseases in clinics (Weinigel et al. 2014) . Herein, we first provide a brief overview of the history of SHG and its application for bioimaging.
SHG was first demonstrated from quartz crystal soon after the invention of the ruby laser (Franken et al. 1961) . SHG is often referred to as the frequency doubling phenomenon since two photons of frequency ω are converted into one photon of frequency 2ω (Fig. 1a) . Such an optical harmonic generation was theoretically described by the mixing of electromagnetic waves at interfaces and in nonlinear media (Armstrong et al. evidences, such as SHG from the ferroelectric and piezoelectric crystals (Bass et al. 1962; Savage and Miller 1962) and the reflected SHG from the surfaces of semiconductor (Ducuing and Bloembergen 1963) and metal (Brown et al. 1965) . The SHG efficiencies of the crystalline powder of amino acids and surges were also investigated at this early stage (Rieckhoff and Peticolas 1965) .
The most important characteristic of SHG is its sensitivity toward the symmetry of media. Within the dipole approximation, SHG is only allowed in media whose spatial inversion symmetry is broken and the above-mentioned crystals are non-centrosymmetric materials not possessing spatial inversion symmetry. For example, in the case of ferroelectric crystals, their non-centrosymmetric structures originate from the spontaneous polarization caused by the alignment of the electric dipole moments. Even in the case of centrosymmetric media, the surfaces and interfaces of the media are also SHG-active owing to the lack of spatial inversion symmetry at the boundary. Furthermore, media which do not have time inversion symmetry, are under the magnetic field, or possess magnetic ordering, also exhibit SHG activity (Pershan 1963; Fiebig et al. 2005) . In early days, such a symmetry-sensitive nature made SHG as a tool for investigating the structural phase transition in crystals accompanied by the change in the symmetry (Miller 1964) . This trend brought the first SHG image to study the structures of the ferroelectric domains of triglycine sulfate (Dolino 1973) . Additionally, the grains in the polycrystalline semiconductor (Hellwarth and Christensen (SHG) . Two photons at the frequency ω instantaneously convert to a single photon at the frequency 2ω through the virtual states. Because three photons take part in this process, this nonlinear optical process is a three-photon process and is different from a sequential process of absorption and emission like fluorescence. Media that do not possess an inversion symmetry are SHG-active. (b) Diagram of two-photon excited fluorescence (TPF). The fluorophore is excited by absorbing two photons through the intermediate virtual state. After a vibrational relaxation to the lowest level of the excited state, the fluorescent photon is emitted as in a normal fluorescence process. The excitation process by two photons (two-photon absorption) is a nonlinear optical process classified as a twophoton process. In general, every fluorophore is able to exhibit TPF. (c) Diagram of coherent anti-Stokes Raman scattering (CARS). When the frequency difference between the pump beam (ω p ) and the Stokes beam (ω s ) matches the frequency of a Raman-active vibration mode, a resonant CARS at the frequency 2ω p -ω s occurs. CARS is a four-photon process and sensitive to a molecular vibration 1974) were also observed by the SHG microscope, enabling the detection of their structures which could not be visualized by a conventional optical microscope. Furthermore, SHG microscopy is able to visualize the 180°domains of the ferroelectric (Uesu et al. 1995; Kurimura and Uesu 1997; Flörsheimer et al. 1998 ) and antiferromagnetic (Fiebig and Fröhlich 1995) crystals in a nondestructive way. With the aid of the interference of SH waves generated from the sample and the reference crystal, the three-dimensional structure of the periodically inverted ferroelectric domain, which is essential for optimal design for nonlinear optical frequency conversion devices, can also be obtained by the SHG microscope (Kurimura and Uesu 1997; Flörsheimer et al. 1998; Uesu et al. 2007; Yokota et al. 2012) .
Besides the bulk crystals, SHG was also applied to surface science as an analytical tool. After SHG was pointed out as being a sensitivity method for probing the monolayer at the surface of material, the expansion of the application of SHG to surface science contributed to establishing one of the subfields in nonlinear optics known as surface nonlinear optics (Bloembergen 1999; Shen 2000) . SHG is able to probe the molecular adsorption and molecular ordering on the surfaces or at the interfaces of centrosymmetric media (Shen 1989) , and the first SHG imaging of the monolayer was demonstrated using a dye monolayer coated on a fused-silica plate (Boyd et al. 1986 ). Later, the SHG microscope was applied to visualize the two-dimensional distributions of the orientation of polar dye molecules in a monolayer at the air-water interface (Flörsheimer et al. 1994; Kato et al. 1999a, b; Flörsheimer 1999; Uesu and Kato 1999) and in a self-assembled monolayer (Smilowitz et al. 1997) .
Another impressive application of SHG microscope is to monitor the carrier motion in the organic transistor (Manaka et al. 2007 ). The injected carriers from the source electrode form a local electric field in the organic film that induces SHG. The collection of the time-resolved SHG images during the carrier injection from the source electrode allows monitoring the carrier motion in the channel.
The first biological sample observed by the SHG microscope was the rat-tail tendon which has a noncentrosymmetric structure owing to the alignment of polar collagen (Freund and Deutsch 1986) . However, before the use of SHG microscopes progressed in biological studies, the images of living cells obtained by TPF microscope was reported (Denk et al. 1990 ). In fact, it was the use of TPF (not SHG) in bioimaging that opened a new interest for the application of nonlinear optical processes (Helmchen and Denk 2005; Oheim et al. 2006) . Both SHG and TPF were first observed in 1961 and applied to various materials to investigate their efficiencies (Kaiser and Garrett 1961; Peticolas et al. 1963 ). However, TPF had the advantage to be readily applicable to the bioimaging compared to SHG. The fluorescence imaging technique in biology such as fluorescence labelling and the laser scanning device was well established before the invention of TPF microscopy. With the aid of the fluorescence imaging technique, TPF microscopy rapidly expanded its application to bioimaging. To obtain TPF from the fluorophores, the near-infrared ultrashort pulse laser is used instead of the UV-visible contentious-wave laser used to excite normal fluorescence. Use of the near-infrared light (700 to 1000 nm in wavelength) dramatically reduces the photo-toxicity and allows deeper imaging penetration depth (Helmchen and Denk 2005; Kawakami et al. 2013) owing to the low absorbance of near-infrared light in tissues (Pellicer and Bravo 2011; Jacques 2013). The inherent nonlinear optical property also brings a benefit of the nonlinear optical microscopy. The signal generated by the nonlinear optical process, including TPF, is proportional to the nth power of the intensity of the incident beam, where n depends on the type of nonlinear optical process. Owing to this nonlinear relationship between the signal and the incident intensity, when the incident beam is focused by the microscope objective, the generation of the signal is confined to the region adjacent to the focal points (Helmchen and Denk 2005; Oheim et al. 2006) . As a result, even without a pinhole in a confocal microscope that cut the signal from the out-of-focal point region, one can achieve enough spatial resolution for the tomographic imaging by three-dimensional laser scanning. The signal generated by such a nonlinear optical process also depends on the pulse width and repetition rate of the laser. The narrower pulse width and higher repetition rate of the pulse beam result in the higher nonlinear optical signals including TPF (Helmchen and Denk 2005; Lefort 2017 ). Although it is still very expensive, commercial development in the early 2000s of stable and user-friendly high repetition rate lasers provided a significant boost to the usage of nonlinear optical microscopy. As the TPF microscope has established itself as a standard tool, the biological applications of the SHG microscope have also expanded (Pavone and Campagnola 2013).
As the SHG microscope is able to selectively observe the region in a sample where the spatial inversion symmetry is broken, it is a valuable tool for investigating the molecular ordering and structural organization in biological samples (Campagnola et al. 2002; Mohler et al. 2003) . The main sources of endogenous SHG in biological samples are collagen (Campagnola 2013; Mansfield et al. 2019) , myosin (Yokota et al. 2012; Vanzi et al. 2013) , and microtubule (Kwan 2013) , since their polar structures are organized by non-centrosymmetric structural proteins. SHG microscope has also been used for various medical applications such as the diagnosis of collagen-related diseases and the detection of tumor-associated collagen as a cancer biomarker (Pavone and Campagnola 2013; König 2018; Kirby et al. 2018) .
Besides imaging by endogenous SHG, exogenous staining enables visualization of the plasma membranes and monitoring the change in the membrane potential under the SHG microscope (Campagnola et al. 1999; Moreaux et al. 2000 Moreaux et al. , 2003 Dombeck et al. 2004; Nuriya et al. 2006 Nuriya et al. , 2016 Vanzi et al. 2013) . The distribution of lipid molecules between the outer and inner leaflet of the membrane bilayer is asymmetric (Bretscher 1973; Murate et al. 2015) . This implies that the cellular membranes are non-centrosymmetric, i.e., SHG-active. However, the SHG signal can hardly be observed from the membranes, indicating that the asymmetric distribution of materials across the membrane (Murate et al. 2015) is not high enough to generate observable SHG signals. To enhance the SHG signal, the membranes are stained with amphiphilic polar dye molecules whose chromophore consists of one π-conjugated chain terminated by the electron donating and accepting moieties (D-π-A conjugation) (Reeve et al. 2010) . As an example, the molecular structure of the dye (RH237) is shown in Fig. 2 (Kobayashi et al. 2002) . Such dye molecules intercalate in the lipid bilayer perpendicular, pointing their polar axes in one direction via hydrophobic interaction as shown in Fig. 3 . Note that the dye molecules diffuse through the plasma membrane into the cell. Specifically, the diffused dye molecules in the inner leaflet of the bilayer orient in the opposite direction to those in the outer leaflet and compensate the overall polar structure. However, the population of the dye molecule in the outer leaflet is higher than that in the inner leaflet, since the dye molecules are applied from the outside of the cell. The schematic in Fig. 3 shows only the excess dye molecules in the outer leaflet that are not compensated by the dye molecules in the inner leaflet and therefore are able to contribute to the SHG signal. Since the dye molecules used for the membrane imaging under the SHG microscope also exhibit fluorescence, the SHG and TPF images can be obtained simultaneously. When we compare the images, one can often notice that the TPF signal is generated from the membrane and cytosol of the cell, but the SHG signal is generated only from the membrane. This is because the dye molecules diffused into the cytosol adhere in the cell with random orientation, resulting in their SHG-inactive nature in the cytosol (Kobayashi et al. 2002; Vanzi et al. 2013) .
While the unidirectional alignment of the polar chromophores contributes to the SHG signal, the SHG intensity of the membrane depends on the electric field across the membrane due to the perturbation of electron distribution along the polar axis of the chromophores. This property leverages the membrane potential-sensitive imaging using the SHG signal.
It was shown that the SHG imaging has higher sensitivity for monitoring the action potentials of living neurons against the various stimulus compared to the conventional fluorescence method. The non-fluorescent amphiphilic polar dye molecule was also designed not to hamper the multimodal imaging using the multiple fluorescence labelling during the monitoring of the membrane potential by the SHG imaging (Nuriya et al. 2016 ).
SHG-based assay for cell membrane damage
In addition to the above-mentioned applications, we proposed the SHG imaging as a tool for sensitive detection of membrane damage at the 2018 Joint Conference of the Asian Biophysical Association and the Australian Society for Biophysics (Cranfield 2019) . The principle of the detection of membrane damage by SHG is introduced below.
The idea for the detection of membrane damage arose when the internalization of microparticles into HeLa cells was observed by the SHG microscope, and it was observed that the more the cell got attacked by the positively charged microparticles, the weaker the SHG intensity of the membrane became (Kato and Kondo 2018) . When the plasma membrane was damaged by contact of toxic material, a disordering of the lipid molecules in the plasma membrane would be induced. Depending on the concentration or the exposure period of the toxic material, the degree of the disordering increases, the release of cytosol happens at some level, and finally, the lysis of cell occurs. When the amphiphilic dye molecules are introduced to the damaged membrane, the dye molecules also expected to intercalate into the membrane with a disordered manner similar to the disordered lipids as shown in Fig. 4 . When the membrane without and with damage are compared (Figs. 3 and 4 , respectively), the intercalated dye molecules are expected to be ordered in the former and less ordered in the latter. Therefore, the SHG intensity (I SHG ) is highest in the non-damaged membrane and will decrease as the damage progresses. When the membrane is fully destroyed, resulting in a random orientation of the dye molecules, no SHG signal is expected. Thus, the membrane damage would be able to be monitored by the I SHG of the membrane exogenously SHG-activated by the amphiphilic polar dye molecule shown in Fig. 2 . 
Demonstration of SHG-based assay
To i n d u c e t h e d a m a g e i n t h e c e l l m e m b r a n e , polyethyleneimine (PEI) was applied to HeLa cells. PEI is a polycation known to be cytotoxic (Parhamifar et al. 2014) . PEI adheres on the cell surface whose net surface charge is negative, via electrostatic interactions and damages the plasma membrane. As a consequence, cytosolic components are released and the necrotic cell death is induced (Choksakulnimitr et al. 1995; Fischer et al. 2003) . Therefore, PEI is regarded as an ideal membrane-damaging agent.
After the exposure of PEI to the HeLa cells, the cells were stained with RH237 (Fig. 2) and the imaging was carried out. The detailed conditions of cell culture and observation can be found in Electronic Supplementary Material. The bright field, SHG, and TPF images of HeLa cells after 1-h exposure to the PEI-containing medium at the different PEI concentrations (0.0 to 7.5 μg/mL) are shown in Fig. 5 . These images were obtained at a certain z-position of the three-dimensional scan. When the bright field and SHG images of the non-damaged cells (Fig. 5a1, a2) were compared, it is evident that the SHG signals were mainly observed at the plasma membrane. This indicates that the SHG imaging allows the selective observation of the plasma membrane. On the other hand, the TPF image of the non-damaged cells (Fig. 5a3) shows that the TPF signals were observed not only from the plasma membrane but also from the cytosol. Therefore, the dye molecules diffused into the cells were randomly oriented and did not contribute to SHG.
A series of the bright field images (Fig. 5a1-g1) show the harmful effect of PEI on cells. Above 2.5 μg/mL, the shape of the cells was observed to be changed where the cells shrunk into a round shape. The series of the SHG images ( Fig. 5a2-g2) shows that the intensity decreased with increasing PEI concentration. Even at 1.0 μg/mL, the SHG image no longer showed the membranes clearly (Fig. 5c2) , and the SHG signals were barely detected from the image at 7.5 μg/mL (Fig. 5g2) . These two-dimensional observations at a certain z-position in the cells support that the damage level of the membrane can be assessed by the SHG imaging. To make the dependence of the SHG intensity clear, I SHG that represents the integrated SHG intensity through the three-dimensional scanning was plotted as a function of the PEI concentration in Fig. 6a . There is a clear trend that I SHG decreased as the PEI concentration increased, but the curve remained noisy. The three independent observations were made and 5 three-dimensional images were taken at each observation, i.e., 15 images in total were obtained for each PEI concentration. There were~30 cells per image, and this gives about 450 cells at each PEI concentration. Although the data obtained from these cells were averaged, a smooth dependence of I SHG on the PEI concentration could not be obtained as expected (Fig. 6a) .
In contrast to the SHG images that show a dependence on the PEI concentration, the dependence of the TPF signal on the PEI Fig. 4 Schematic presentation of the intercalation process of the amphiphilic dye molecules with the D-π-A conjugation in the disordered lipid bilayer Fig. 3 Schematic presentation of the intercalation process of the amphiphilic dye molecules with the D-π-A conjugation in the plasma membrane concentration could not be distinguished as shown in the series of TPF images (Fig. 5a3-g3) . Although the TPF image at 0.0 μg/mL (Fig. 5a3) shows both membranes and cytosols, the TPF images above 1.0 μg/mL show the cytosols more clearly but the membranes are hardly seen (Fig. 5c3-g3) . I TPF that represents the integrated TPF intensity over the three-dimensional image was also plotted as a function of the PEI concentration (Fig. 6b) . There is a trend that I TPF increases as the PEI concentration increases up to 2.5 μg/mL. This trend is ascribed to the increase in the membrane permeability with the increasing membrane damage level. The trend in Fig. 6b implies that above 2.5 μg/mL, the dye molecules readily diffused into the cells owing to the lack of membrane integrity and saturation of the dye adsorption in the cytosol occurred. This is similar to that the Fig. 5 Bright field, SHG, and TPF images of HeLa cells exposed to PEI for 1 h at the PEI concentration of (a1-a3) 0.0 μg/ mL, (b1-b3) 0.5 μg/mL, (c1-c3) 1.0 μg/mL, (d1-d3) 1.5 μg/mL, (e1-e3) 2.5 μg/mL, (f1-f2) 5.0 μg/mL, and (g1-g3) 7.5 μg/ mL. To visualize how the SHG intensity depended on the PEI concentration, brightness and contrast levels of all the above SHG images were adjusted to be the same, and the same treatment was applied to all the above TPF images dead cells were stained by the dye in the dye exclusion test (Pappenheimer 1917; Phillips 1973) . As in Fig. 6a for I SHG , I TPF also does not show a smooth dependence on the PEI concentration. Because the I TPF is proportional to the number of the dye molecules, the discontinuous dependences in Fig. 6a , b could be ascribed to the fluctuation of the stain level at each observation. Not only the staining procedure but also the whole experimental process of this assay had been carefully revised several times, but the discontinuous dependence of the SHG and TPF intensities on the PEI concentration could not be excluded. Next, according to previous literature (Campagnola et al. 1999) , I SHG was normalized by I TPF to compensate the fluctuation of the amount of dye molecule among the observations, and I SHG /I TPF was plotted as a function of the PEI concentration. As shown in Fig. 6c , I SHG /I TPF was observed to decrease continuously as the PEI concentration increases.
While I TPF is scaled by the number of molecules that contribute to TPF (N TPF ), I SHG is scaled by the square of the number of molecules that contribute to SHG (N SHG 2 ) (Moreaux et al. 2000) . In our case, N TPF is not equal to N SHG , because the dye molecules in the cytosol contribute to TPF but not to SHG. Therefore, the normalization of I SHG by I TPF does not provide a full compensation of the fluctuation of the stain level but a mitigation of the scattering of data, and it has been shown in the present assay that the normalization by I TPF is apparently effective to investigate the precise change in the signal level of SHG.
SHG-based assay versus conventional assay
The results obtained by the proposed method have been compared with the conventional cytotoxic assays, i.e., the cytosolic enzyme release assay and the cell metabolic assay. The former assesses the membrane damage by measuring the amount of the one of the cytosolic enzyme, lactate dehydrogenase (LDH), released in the medium owing to the loss of membrane integrity (Korzeniewski and Callewaert 1983) . The latter assesses the mitochondrial activity by using the watersoluble tetrazolium (WST) which transforms into formazan by the reduction reaction induced by the mitochondrial dehydrogenase in the living cells (Ishiyama et al. 1997) . This WST assay is the improved version of the well-known MTT assay (Slater et al. 1963; Mosmann 1983) .
The cytotoxicity and the cell viability against PEI were assessed by the LDH release assay and the WST assay, respectively, using HeLa cells and the same media. The detailed conditions of the assays can be found in Electronic Supplementary Material. Figure 7a shows the cytotoxicity determined by the LDH release assay. As the PEI concentration increases, the cytotoxicity (the release of LDH) increases, and the dependences of the cytotoxicity and I SHG /I TPF on the PEI concentration show a good negative correlation with each other. Figure 7b shows the cell viability determined by the WST assay. As the PEI concentration increases, the viability decreases, and the dependences of the viability and I SHG /I TPF on the PEI concentration show a good positive correlation with each other as expected.
Overall, a good correlation exists between the I SHG /I TPF and the two conventional assays. However, in the lower concentration region, there are notable differences. The two conventional assays show almost no responses against the exposure to PEI below 1.0 μg/mL, while the SHG-based assay shows a significant decrease in I SHG /I TPF from 0.0 to 1.0 μg/ mL. This difference clearly shows the higher sensitivity of the SHG-based assay compared to the two conventional assays. The reason for this higher sensitivity can be explained by the dependence of the SHG signal on the lipid ordering in the membrane. Even the concentration of PEI was not high enough and the membrane damage was insignificant to release the cytosolic components and reduce the metabolic activity; the contact between the membrane and PEI perturbs the alignment of the lipid molecules in the membrane, inducing a disorder at the molecular level of the lipid alignment. Hence, the advantage of the proposed assay lies at the change of molecular level ordering that can be detected as SHG is sensitive to the symmetry and ordering of the polar molecules.
Summary and perspective
After a brief overview of the history of SHG and SHG microscope, the application of nonlinear optical processes in the field of bioimaging has been summarized. Under a SHG microscope, both the endogenously SHG-active components in biological tissues and plasma membranes stained by the polar dye molecules can be observed. Using this exogenous staining technique, an analytical method to assess the membrane damage has been introduced as a novel application of the SHG microscope (Cranfield 2019) . While the membrane damage at a low toxin concentration remained difficult to detect by the conventional cytotoxicity and cell viability assays, this could be detected by the SHG-based assay. This method is expected to lay the foundation for the real-time observation of how toxins induce damage into the cell membranes or how the cells reconstruct the damaged membranes using the SHG microscope. The application of the nonlinear optics to biology is not limited to imaging. The development of nonlinear optical flow cytometry is also being progressed (Tkaczyk and Tkaczyk 2011; Collier et al. 2015; Hiramatsu et al. 2019) , and integration of the SHGbased assay into the nonlinear optical flow cytometry would be an interesting application (Awasthi et al. 2012) .
The bioimaging by endogenous SHG had been well developed and will be applied to the various diagnosis. Further expansion of SHG imaging will be promoted by the development of exogenously SHG-activating agents other than the amphiphilic polar dye molecules for the membrane. Likely to the fluorescence labelling in the TPF imaging, use of SHG-active nanoparticles for SHG labelling is also interesting for the SHG imaging (Cohen 2010) . 
